used in the electronics industry; the use of indium compounds, most notably indium-tin oxide (ITO), has risen sharply since the 1990s 1) . Several case reports and epidemiological studies of workers exposed to ITO have heightened awareness of the potential hazards of occupational exposure to this metal 2−4) . Although evidence of pulmonary lesions has been reported after respiratory ITO exposure in animals and humans 2−7) , it is not clear whether indium can further distribute throughout the body. In our previous study, pulmonary toxicity in hamsters was demonstrated over a four-month period of repeated intratracheal instillation of 3 mg/kg or 6 mg/kg doses of ITO (2.2 mg/kg or 4.5 mg/kg as indium, respectively) 6) . The serum indium concentrations among the two test groups gradually increased throughout the observation period, and the severity of pulmonary pathologies increased over time. The present study evaluated the long-term peripheral organ distribution of indium from 8 to 78 weeks after repeated intratracheal instillation of ITO into the lungs of hamsters as reported in our previous study 6) .
Materials and Methods
ITO particles were prepared as previously reported 6) and were obtained by donation from a corporate source. All animal studies were conducted in accordance with the Guidelines for Animal Experiments in the Graduate School of Medical Sciences, Kyushu University, and in compliance with Law No. 105 and Notification No. 6 of the Government of Japan. Eighty-seven 6-week-old male Syrian hamsters were purchased from the colony of Japan SLC Inc. (Shizuoka, Japan) to be used in this study. The animals were housed in a specific pathogen-free environment at the Laboratory of Animal Experiments in the Graduate School of Medical Sciences, Kyushu University. The lighting, food supply and drinking water were maintained under the same conditions as described previously 6) . Intratracheal instillation of ITO began after a 2-week acclimatization period when The hamsters were randomly divided into 3 groups: a control group (n=29), a 3 mg/kg ITO treatment group (2.2 mg/kg as indium; n=29) and a 6 mg/kg ITO treatment group (4.5 mg/kg as indium; n=29). There was no significant difference in body weight among the groups at the start of the study. A vehicle or test agent was instilled into the trachea of ether-anesthetized hamsters twice weekly over 8 weeks for a total of 16 doses. The control group received 1.0 ml/kg of distilled water. Six to eight surviving hamsters in each group were euthanized using carbon dioxide gas and autopsied at 8, 16, 40 or 78 weeks after their final dose. The indium concentrations were measured in the organs of the ITO-treated hamsters, as were the total organ weights, and histopathological examination of the liver, kidneys and spleen was also completed for all hamsters. To measure lung indium content, one apical lobe was soaked in 10 ml of 68% ultrapure nitric acid (TAMAPURE-AA-100, Tama Chemicals Co., Ltd., Kawasaki, Kanagawa, Japan) overnight, and 0.1 ml of lung soak solution, 0.02 g of liver tissue, 0.1 g of kidney, 0.1 g of spleen tissue or 1 ml of serum was digested with 6 ml of 68% ultrapure nitric acid (TAMAPURE-AA-100, Tama Chemicals Co., Ltd., Kawasaki, Kanagawa, Japan) and 0.5 ml of 35% ultrapure hydrogen peroxide (TAMAPURE-AA-100, Tama Chemicals Co., Ltd., Kawasaki, Kanagawa, Japan) using a microwave digestion apparatus (Multiwave 3000, PerkinElmer, Yokohama, Japan). Digested samples were then diluted into ultrapure water for a total volume of 20 ml and injected into an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7500ce, Agilent Technologies, Tokyo, Japan) at the Center of Advanced Instrumental Analysis, Kyushu University. Rhodium was used as an internal standard for indium measurements. The lower limit of quantitative detection for indium was 0.04 µ g/g for the lungs, 0.005 µ g/g for the liver, 0.001 µ g/g for the kidneys and 0.001 µ g/g for the spleen. In the cases where the indium concentrations were below the limit of detection, a value equal to one-half of the limit of detection was used for statistical calculations. The distribution of indium in the lungs was calculated as the concentration of indium in lung tissue.
Samples of the liver, kidneys and spleen were fixed in 10% neutral buffered formalin and processed in paraffin for histopathological examination, which included an evaluation of the severity of lesions as reported in a previous study 6) . Briefly, histopathological findings in these organs were scored as present or absent; if they were absent, findings were expressed as 0. In the case of lesions, the severity of each of the lesions was graded on a 4-point scale ranging from slight to severe. Slight lesions were expressed as 1, mild lesions were expressed as 2, moderate lesions were expressed as 3, and severe lesions were expressed as 4.
For the statistical analyses of organ weights and indium content in the lung, indium concentrations in the liver, kidneys and spleen and score of the severity of the lesions, one-way analysis of variance followed by a Fischer's least significant difference test was applied. In all the statistical comparisons, a p value of <0.05 was considered to represent a significant difference.
Results
Over the course of 8 weeks, hamsters received mean indium doses of 4.8 ± 0.4 mg (mean ± SD) and 9.5 ± 0.9 mg per animal in the 3 mg/kg and 6 mg/kg ITO treatment groups, respectively. The data collected in the course of the study for body weight, lung weight, mortality, serum indium concentration and lung lesions were presented in our previous study 6) . The liver, kidney and spleen weights were not significantly different throughout the course of the study among the two ITO-treated groups and the control group. The indium content in the lungs decreased slowly from 8 to 78 weeks in both ITO-treated groups (Table 1) . Although the concentrations of indium in the lung for the 6 mg/kg ITO group were slightly higher at 78 weeks than at 40 weeks, the clearance of indium from the lungs fit a biphasic exponential rate The results are shown as means ± SD. a: The number of hamsters examined. b: Statistically different between the ITO 3 mg/kg group and the ITO 6 mg/kg group. model for both ITO-treated groups. The elimination half-life of indium from the lungs was 142 weeks in the 3 mg/kg ITO group and 124 weeks in the 6 mg/kg ITO group. Indium was not detected in the lungs of the control group hamsters at any time during the observation period. The indium concentrations in the serum, which were reported in our previous study 6) , liver, kidneys and spleen gradually increased during the observation period, with the concentrations at least 7-fold higher at 78 weeks than at 8 weeks for both ITO treatment groups. However, the accumulation ratio of indium in the liver, kidneys and spleen for the total dose instilled was very low; that is, it was less than 2% at 78 weeks (Table 2) . No indium was detected in the organs of control group hamsters at any point during the observation period. There was one renal adenocarcinoma in the ITO 3 mg/kg group at 16 weeks and one cavernous hemangioma of the liver in the ITO 6 mg/kg group at 78 weeks. The pathological evaluations revealed some lesions in the organs that increased in severity as the study progressed. There were no significant differences between the ITO-treated groups and the control group (data not shown).
Discussion
In this study, the long-term tissue distribution of indium was assessed after repeated intratracheal administration of ITO in hamsters. This is the first study of long-term indium distribution following respiratory exposure. Indium was found to be absorbed and retained in the lungs for a long time. The halflife of indium elimination from the lungs was more than two years and was similar for the two different levels of ITO dosing. Although the indium accumulation ratio in the liver, kidneys and spleen for the total instillation dose was very low and quantity of indium excretion in feces and urine was not clear, indium accumulation in these organs indicated that translocation from the lungs occurred, but there was no gradual elimination from these organs during the observation period. These results are consistent with our previous study in which it was reported that ITO-induced lung lesions and that serum indium levels increased significantly after exposure 6) . It may be that the low solubility of ITO particles leads to long-term deposition in the lungs.
To date, a few studies have assessed lung indium levels among workers who handle indium or its derivatives occupationally. These studies have reported indium levels of up to 31.2 µ g/g among recycling workers 8) or 29.3 µ g/g in an ITO-handling worker 9) . Furthermore, although there is some data assessing indium levels in peripheral organs at a single point in time 7, 10) , the data do not clarify whether there was long-term absorption of indium in tissue. In the present study, it was demonstrated that indium was significantly absorbed in peripheral organs after respiratory exposure and that the absorption continued to increase long after ITO instillation. Interestingly, Yamazaki et al. 11) reported a gradual decrease in serum indium concentrations after the cessation of dosing with indium arsenide (InAs) or indium phosphide (InP). It may be that serum and peripheral organ absorption depend upon the species of indium compound to which the animals are exposed. Further clarification will be needed to elucidate a trend between absorption or excretion and the properties of various indium compounds. 1.055 ± 0.455 (7) 1.293 ± 0.869 (7) 3.094 ± 1.222 (7) 7.181 ± 5.165 (7) 8.370 ± 2.504 (6) 14.420 ± 3.199 ( The results are shown as means ± SD. a: The number of hamsters examined. b: Statistically different between the ITO 3 mg/kg group and the ITO 6 mg/kg group. c: Data from this study were shown as a part of our previous study 6) .
The degree of lesions observed in the liver, kidneys or spleen was not significantly different between the two dose levels of ITO and was similar to that of lesions observed in the same organs of the control animals in this study. This finding is consistent with a previous report that no exposure-related organ lesions were observed outside the lungs in mice and rats 7) . It is conceivable that the toxic effect on extrapulmonary tissues is relatively weak with the instillation doses delivered herein.
In conclusion, the present study presents the first real evidence that indium is eliminated from the lungs very slowly and does accumulate in extrapulmonary organs over a long period of time after respiratory exposure to ITO.
